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ABSTRACT
We constrain and update the bounds on the life-time of a decaying dark matter model
with a warm massive daughter particle using the most recent low-redshift probes. We
use Supernovae Type-Ia, Baryon Acoustic Oscillations and the time delay measure-
ments of gravitationally lensed quasars. These data sets are complemented by the
early universe priors taken from the Cosmic Microwave background. For the maxi-
mum allowed fraction of the relativistic daughter particle, the updated bounds on the
life-time are found to be τ > 9 Gyr and τ > 11 Gyr at 95% C.L., for the two-body
and many-body decay scenarios, respectively. We also comment on the recent pro-
posal that the current two-body decaying dark matter model can provide resolution
for the H0-tension, by contrasting against the standard ΛCDM model. We infer that
the current dark matter decaying scenario is unlikely to alleviate the H0-tension. We
find that the decaying dark matter is able to reduce the trend of the decreasing H0
values with increasing lens redshifts observed in the strong lensing dataset.
Key words: (cosmology :) dark matter – cosmological parameters
1 INTRODUCTION
A decaying dark matter particle provides interesting phe-
nomenological aspects predicting a variation in the late-time
evolution of the universe, compared to a standard cold dark
matter scenario. Several works (Audren et al. 2014; Black-
adder & Koushiappas 2014; Poulin et al. 2016), have used
cosmological data to constrain the decay characteristics of
such a dark matter candidate, putting limits on the life-times
of the parent particle. In Blackadder & Koushiappas (2014)
(hereafter BK14) and in Blackadder & Koushiappas (2016)
a dark matter decay scenario has been developed where the
massive daughter particle is not necessarily cold at the epoch
of decay and hence provides a dynamical equation of state
for the collective dark matter behaviour. Here, we imple-
ment this model to constrain the decay characteristics with
the most recent low-redshift cosmological data. This model
has been earlier constrained against the Supernovae type-
Ia datasets (Union2.1 compilation taken from Suzuki et al.
(2012)) and using the high-redshift Cosmic Microwave Back-
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ground (CMB) priors from Planck 2013 Ade et al. (2014)
release, in BK14.
Several implementations of decaying dark matter sce-
narios are interesting and possibly complementary to cur-
rent scenario: i) decaying dark matter resulting in effective
neutrino density (Hasenkamp & Kersten 2013); ii) a frac-
tion of initial dark matter decaying into radiation (Aubourg,
E´. et al. 2015; Audren et al. 2014), yielding a limit of
τ > 150 Gyr using CMB data in Poulin et al. (2016); iii)
dark matter decay injecting energy to the bayronic gas
component (Zhang et al. 2007); iv) dark matter decaying
to neutrinos scenario with 95% C.L. of τ > 700 Gyr and
τ > 100 Gyr, respectively reported in Gong & Chen (2008)
and De Lope Amigo et al. (2009). The effects of decay-
ing dark matter on the structure formation were studied
in several works like Wang & Zentner (2012), assessing sen-
sitivities of the life-times to the kick velocities, reporting
that Euclid (Amendola et al. 2018), LSST (Alonso et al.
2018) surveys can be sensitive to τ . 5 Gyr for kick veloc-
ities < 90 km/s. In Wang et al. (2013) an upper limit of
τ . 10 Gyr was placed for kick velocities of 30 − 70 km/s
using Ly−α forest data (Kim et al. 2004; McDonald et al.
2006). Some approaches also addressed dynamical dark mat-
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ter scenarios with time varying equation of state, due to
interacting ensemble of unstable dark matter particles de-
caying into ordinary matter (Dienes & Thomas 2012a,b).
Recently, one such implementation with number of variable
degrees of freedom corresponding to unstable decay parti-
cles (Desai et al. 2020) has utilised SN data to constrain the
decay characteristics, in effect considering decay ensembles
to radiation alone.
On the other hand, owing to the well established H0-
tension (Riess 2019; Bernal et al. 2016; Feeney et al. 2018;
Addison et al. 2017), now reaching ∼ 5σ level as reported
in Wong et al. (2019), several propositions have been put
forward to potentially address the growing crisis. Several
of these proposals focus on the early-universe modifica-
tions such as early dark energy (Poulin et al. 2018; Ye
& Piao 2020) and vacuum phase transitions (Di Valentino
et al. 2018b), interacting dark energy Pan et al. (2019);
Di Valentino et al. (2017) and other scenarios Banihashemi
et al. (2019); Di Valentino et al. (2018a); Raveri et al.
(2017a). Alternatively, some approaches focus on the modifi-
cation of the local estimate (Hoscheit & Barger 2017; Shanks
et al. 2019; Scho¨neberg et al. 2019) (see also Kenworthy et al.
(2019); Lukovic´ et al. (2019)). In this context, Vattis et al.
(2019) (hereafter V19) have recently proposed that the cur-
rent decaying dark matter model with a warm massive decay
particle can possibly alleviate the H0-tension, by perform-
ing a simple analysis on the expansion rate data. Here, we
exploit the opportunity to also revisit the claim with more
new data: the ∼ 1050 Supernovae Type-Ia (SN) compilation
in Scolnic et al. (2018) and the gravitationally lensed quasar
time delay (SL) measurements Wong et al. (2019) and a com-
pilation of up-to-date Baryon Acoustic Oscillations (BAO)
datasets. We complement these low-redshift probes with the
CMB priors as suggested in Verde et al. (2017), which indeed
is a more apt way of imposing priors at recombination epoch
for the late-time decaying dark matter model. Several other
works (Enqvist et al. 2015; Bringmann et al. 2018; Pandey
et al. 2019; Xiao et al. 2020) have also considered decaying
dark matter as a means to alleviate the H0-tension. Along-
side the decaying scenarios, various other modifications to
the dark matter sector in general have also been explored in
the context ofH0-tension (Ko et al. 2017; Raveri et al. 2017b;
da Silva et al. 2019; D’Eramo et al. 2018; Buen-Abad et al.
2018; Choi et al. 2020; Blinov et al. 2020), most of which are
shown to reduce the significance of the tension.
The authors of V19 clearly state that the usual tendency
of the decaying dark matter models would be to reduce the
expansion rate at late-times in comparison to the early time
expectation. Thus, they suggest that a specific combination
of the decay characteristics can bring the expansion rate at
z = 0 in agreement with the evolution of H(z) at higher
redshifts as measured at recombination epoch. This in-turn
is one of the motivations, as we intend to assess the decay
scenario with additional data to validate the claim, as they
have only used the expansion rate information from a BAO
compilation. Note that using only the expansion rate data
would be loosely constraining and can be elusive to the well-
constrained angular scales at the recombination epoch.
The organisation of the paper is as follows: In Section 2
we describe the theoretical model and data analysis imple-
mented, followed by the results and discussion in Section 3,
and concluding remarks in Section 4.
2 MODELLING AND ANALYSIS
We implement the decaying dark matter (here after ΛDDM)
formalism with a possibly warm/relativistic daughter parti-
cle, essentially following the formalism developed in Blackad-
der & Koushiappas (2014, 2016), where the two-body decay
of the parent dark matter particle produces a heavy daugh-
ter particle which at creation could be relativistic (warm),
eventually becoming non-relativistic and a second massless
relativistic particle. This scenario produces a range of pos-
sibilities with the decay rate and fraction of parent energy
density split amongst the two daughter particles. Due to
this diversity in the time of decay and the fractional en-
ergy densities transferred to the daughter particles the sys-
tem of equations depending on the expansion rate needs to
be solved in an iterative fashion, to provide the the final
expansion history. In this section, we describe the model
where the expansion rate has to be inferred simultaneously
assessing the respective energy densities of the parent, and
the two daughter particles. We keep the description of the
model brief and refer to the original work in Blackadder &
Koushiappas (2014, 2016), for further details.
Within the two-body decay system, the evolution of the
parent and the massless daughter particle in terms of the
scale factor (a) can be written as,
dρ0
dt
+ 3
a˙
a
ρ0 = −Γρ0
dρ1
dt
+ 4
a˙
a
ρ1 = −Γρ0,
(1)
respectively. Here the decay rate of the parent particle,
Γ ≡ 1/τ (τ being the lifetime) and the fraction () of the
rest mass energy acquired by the massless relativistic parti-
cle through the decay are the two decay parameters. As for
the massive daughter particle, the energy density at a par-
ticular instance in evolution has to be averaged over all the
decays that have taken place thus far, also accounting for
their dynamic equation of state (EoS). The massive daugh-
ter particles might (are allowed to) be relativistic at the time
of decay (aD), and can indeed exhibit varied behaviour de-
pending on weather aD  1, early decay that gets redshifted
or aD ∼ 1, a late-time decay. As elaborated in BK14, tak-
ing into account all the aforementioned effects the energy
density of the massive particle can be written as,
ρ2(a) =
A
a3
∫ a
a∗
e−Γt(aD)
aDH(aD)
[
2
1− 2
(aD
a
)2
+ 1
]1/2
daD, (2)
where a∗ is scale factor corresponding to the recombination
and the normalisation factor A. The expansion history fi-
nally is given as the summation of the energy densities of all
the contributing components,
H2(a) =
8piG
3
[ρ0(a) + ρ1(a) + ρ2(a) + ρb(a) + ρr(a)]+
1
3
Λc2
(3)
where,
∑2
i=0 ρi(a) corresponds to the total contribution of
decaying dark matter components, ρb , ρr are the contri-
butions of baryons and radiation1, respectively. The ini-
tial conditions for the decay particles are set such that at
1 Here radiation includes both the contributions of photons and
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ρ1(a∗) = ρ2(a∗) = 0 and ρ0(a∗) comprises the entire dark
matter contribution at a∗.
In conjunction to the two-body decay, in BK14 also a
many-body decay scenario is developed, where the massive
daughter particle is set to be cold. This formalism is equiva-
lent and draws parallels to the one implemented in Aubourg
et al. (2015); Audren et al. (2014); Poulin et al. (2016),
where the whole parent particle energy density is allowed
to decay. In the many-body scenario the energy density of
the massive daughter particle is much simpler to estimate in
a similar way as the parent and massless daughter particle
Equation (1) and the Equation (2) are replaced by,
dρ2
dt
= (1− )Γρ0 − 3 a˙
a
ρ2
ρ2(a) =
A(1− )
a3
[
e−Γt(a∗) − e−Γt(a)
]
.
(4)
The corresponding distances are estimated as DL(z) =
c(1 + z)
∫ z
0
dξ/H(ξ), once the H(ξ) is obtained iteratively.
As for the analysis, we follow the same procedure as de-
scribed in Vattis et al. (2019), however using more low-
redshift datasets: the most recent Supernovae Type-Ia (SN)
compilation in Scolnic et al. (2018), an up-to-date compila-
tion of BAOs 2 observables and the 6 gravitationally lensed
quasar time delay (SL) dataset presented in Wong et al.
(2019), which provides the H0 measurements in our analysis.
To set the initial conditions for the dark matter and baryon
densities we use early-time priors suggested in Verde et al.
(2017)3, where the corresponding energy densities (physical)
and expansion rate at recombination (a∗ = 1089) are con-
strained, disentangling the late-time physics. These priors
indeed complement very-well the low-redshift probes to test
the late-time effects of decaying dark matter, while having
early universe physics unchanged from ΛCDM. Setting the
initial conditions enforces that no dark matter decays have
taken place before the recombination epoch.
The parameters of the model sampled upon in the
MCMC analysis are the matter densities for initial dark
matter, baryons Ω∗DM, Ωb, and the H
∗
0 corresponding to
the early-time ΛCDM model ‘fixed’ at recombination epoch
(a∗), accompanied by the two decay parameters: decay rate
of the parent particle, Γ ≡ 1/τ (τ being the lifetime) and the
fraction () of the rest mass energy acquired by the massless
neutrinos, which we implement as in BK14; V19 following Ko-
matsu et al. (2011), however they affect the late-time dynamics
minimally.
2 We use the estimates of the comoving angular diameter dis-
tance DA(z)/rd and the Hubble rate H(z) × rd provided at
z = {0.38, 0.51, 0.61} by Alam et al. (2017), which combines
the analysis of different companion works on SDSS DR-12, in
a consensus result. At intermediate redshifts we utilised the more
recent measurements provided by SDSS-IV eBOSS data release
Zhao et al. (2019), at redshifts z = {0.98, 1.230, 1.526, 1.944}.
Finally the farthest measurements in redshift are provided by
the auto-correlation of the Ly-α forest and the cross-correlation
of Ly-α and quasars at z ∼ 2.4 in Blomqvist et al. (2019) and
de Sainte Agathe et al. (2019).
3 We acknowledge the authors of Verde et al. (2017), for providing
us with the covariance matrix of the observables. Please refer to
Table 2 presented therein.
relativistic particle through the decay. These early-time pa-
rameters are utilised to compute the sound horizon at drag
epoch (rd), through the fitting formula provided in Aubourg,
E´. et al. (2015). This ensures that the early-time scale of the
sound horizon at drag epoch is not affected by the late-time
decaying of the dark matter density. The actual dark mat-
ter density (along with massless daughter) today and present
expansion rate would be given by the iteratively computed∑2
i=0 ρi(a = 1) and the H(a = 1) in Equation (3), respec-
tively. While for the ΛCDM model Ω∗DM, H
∗
0 would retain
the standard definition. To sample larger ranges of the pa-
rameter space, the decay parameters are sampled in log-
arithmic scales in the ranges of −4 ≤ log10(Γ) ≤ 3 and
−4 ≤ log10() < log10(0.5). Note that these logarithmic flat
priors are the same as in V19.
We implement a simple Bayesian analysis using the em-
cee4 (Foreman-Mackey et al. 2013) package to perform the
analysis and the getdist5 package Lewis (2019) to anal-
yse the posteriors. We also use the ChainConsumer package
(Hinton 2016), publicly available6.
3 RESULTS
We firstly discuss the constraints on energy densities and
limits on the decay parameters and finally comment on in-
ferences for H0-tension, within the current decaying dark
matter scenario. In Table 1 we report the 68% C.L. limits
on the Ω∗DM and H
∗
0 . The dataset combination of SN+SL
as expected provides larger values of H0, allowing for lower
values of both the dark matter and baryon energy densities,
with no distinguishable difference between the two decaying
scenarios and ΛCDM. With the inclusion of the BAO dataset
the energy densities are pushed towards higher values, yield-
ing a low value of H∗0 . Marginalising on the decay parame-
ters, the many-body and two-body decay scenarios do not
show any discernible difference for the marginalised con-
straints on dark matter energy density and H0. The best-fit
value of H∗0 = 69.92 km/s Mpc
−1 using the SN+SL+BAO
data in the many-body scenario is also comparable to the
H∗0 = 69.64 km/s Mpc
−1 for two-body case presented in ta-
ble 1.
When including the BAO dataset, both for the ΛDDM
and ΛCDM models, the constraints on Ω∗DM and H
∗
0 , shift to
higher and lower values, respectively. For the ΛCDM model,
we find a value of H0 = 68.98
+0.57
−0.81km/s Mpc
−1, which is in
very good agreement with the earlier reported H0 values in-
verse distance ladder analysis (Lemos et al. 2019; Camarena
& Marra 2019), especially with Lyu et al. (2020) where the
SL dataset is taken into account. While the mean values of
H∗0 are in good agreement between ΛCDM and the two-body
ΛDDM models, we find that the best-fit of the latter model
has an higher value of H∗0 = 69.64 km/s Mpc
−1, which is at
1σ of the posterior distribution. As can be seen in Figure 1,
the distortion of the contours in the log10() vs.Ω
∗
DM and
log10() vs.H
∗
0 parameter space accommodates the best-fit
value and is similar to the constraints presented in V19. We
4 http://dfm.io/emcee/current/
5 https://getdist.readthedocs.io/
6 https://github.com/Samreay/ChainConsumer/tree/Final-
Paper.
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Table 1. Constraints in the ΛDDM model at 68% confidence level obtained with and without the inclusion of BAO datasets. We quote
the maximum posterior and the 16th, 84th percentiles as the uncertainty. We also report the best-fit (b.f) for the ΛDDM model which
differs from the max-posterior, when the BAO data is included. Here H∗0 is reported in the units km/s Mpc
−1.
Data SN+SL SN+SL+BAO
Model ΛDDM ΛCDM ΛDDM ΛCDM
b.f 1σ 1σ b.f 1σ 1σ
Ω∗DM 0.229 0.228
+0.011
−0.010 0.227
+0.012
−0.010 0.245 0.249
+0.006
−0.006 0.251
+0.005
−0.006
Ωb × 102 4.3 4.29+0.20−0.19 4.24+0.23−0.16 4.6 4.71.0+0.09−0.11 4.70+0.10−0.09
H∗0 72.01 72.1
+1.6
−1.7 72.2
+1.6
−1.7 69.64 68.90
+0.78
−0.75 68.98
+0.57
−0.81
Figure 1. Here we compare the constraints in the ΛDDM
model with two-body decay to the ΛCDM model, using the
SN+SL+BAO dataset. The dashed line in each of the panel cor-
responds to the best-fit parameters reported in Table 1. The inner
and outer contours correspond to 68% 95%, confidence levels, re-
spectively. H∗0 is in the units of km/s Mpc
−1.
discuss the implications for H0-tension later in Section 3.1.
The life-time of the parent particle log10(τ/Gyr) remains un-
constrained and the fraction of relativistic daughter particle,
log10() shows a mild peak in the 1D marginalised distribu-
tion around the best-fit value. This feature is however not
noticed when BAO data is not included and both the decay
parameters remain unconstrained.
In Figure 2, we show the constraints on the decay
parameters of the ΛDDM model. We recover the gen-
eral features of the constraints presented in BK14 and
for ease of comparison, present the constraints in terms
of log10(τ/Gyr), instead of the sampled log10(Γ) parame-
ter. Notice that our constraints from the MCMC analysis
performed here, are much less stringent7 in comparison to
the ones presented in BK14, even with the improved SN
dataset and other low-redshift probes and updated priors
from the high-redshift CMB. While the inclusion of BAO
data mildly strengthens the 68% C.L. limits on life-time for
log10() & −0.1, the 95% C.L. limits mostly coincide with
the those obtained from the SN+SL data alone. On the con-
trary, for log10(τ/Gyr) . 0.5, the limits on the allowed frac-
tion log10() are much broader than those obtained with the
SN+SL data. This enlarged parameter space corresponds to
the mild peak that can be noticed in the log10() vs.Ω
∗
DM
parameter space in Figure 1, and is the case for both the
two-body and many-body decay scenarios. This clearly in-
dicates that it is not obvious to expect that the bounds
on the life-time will become stringent with the inclusion of
more data. For a given , the allowed range of decay life-time
depends on the initial dark matter density (Ω∗DM) and the
late-time total energy density of all the dark matter compo-
nents constrained by the low redshift data. This highlights
the importance of the BAO data in constraining the decay
characteristics of the dark matter model in consideration.
In the case of two-body decay, we find the lower limit
on the life-time of particle for  = 0.5, to be τ & 9.0 Gyr
at 95% C.L., which is equivalent both with and without the
inclusion of BAO dataset to the SN+SL data. Similarly, for
the many-body decay we find τ & 11.2 Gyr at 95% C.L.,
which is comparable to the limit of τ > 28 Gyr reported in
Aubourg, E´. et al. (2015). Our limits are indeed less strin-
gent in comparison to the τ & 150×fdcdm Gyr, set in Poulin
et al. (2016)8, where fdcdm is the fraction of initial cold dark
matter that is allowed to decay. The range of lifetimes ex-
plored in our analysis span the three different ranges classi-
fied in Poulin et al. (2016) as short, intermediate and long.
For short lifetimes of log10(τ/Gyr) . −1, we find at 95%
C.L., that no more than ∼ 8% of the parent particle can de-
cay to massless relativistic daughter particle and confidence
7 We speculate that a major reason for this could be due to the
Frequentist approach in BK14, where the rest of the parameters
are fixed to there best-fit values and confidence levels are placed
through χ2 cuts of the likelihood corresponding to a Gaussian-like
distribution. The definition of their ‘goodness of fit confidence’ is
also based on the reduced χ2 values.
8 We also verify that this limit changes only mildly with updated
Planck 2018 (Aghanim et al. 2018) dataset, to τ & 154 Gyr for
fdcdm = 1.
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Figure 2. Left : Constraints for the log10() , log10(τ/Gyr) parameter space for the two-body ΛDDM model reported for SN+SL (green)
and SN+SL+BAO (red). The contours depict 68% and 95% C.L. limits, respectively. Right : Same as left panel, but for the many-body
decay scenario.
Figure 3. Left : Profile likelihoods for the log10() , log10(τ/Gyr) parameter space for the two-body ΛDDM model using the SN+SL
dataset (Top) and SN+SL+BAO (Bottom). We show contours 1σ through 5σ. Right : Same as left panel, but for the many-body decay
scenario. In the Bottom panels star marks the best-fit values. Please note the difference in the range of the axes when comparing with
Figure 2.
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regions show no preference for the life-times, similar to the
inference made in BK14.
Noticing that the posterior in the log10() vs.
log10(τ/Gyr) parameter space exhibits a steep cut-off, we
also compute the profile likelihoods9 for both the dataset
combinations, while fixing the rest of the parameter to their
respective best-fit values (reported in Table 1). As can be
seen in Figure 3, even the 5σ limits are much tighter in
comparison to the 95% marginalised confidence regions in
Figure 2, while the 1σ limits are more relaxed demonstrat-
ing the steep behaviour of the likelihood. This essentially
excludes the region of the parameter space where large frac-
tions of parent particle quickly decaying to the relativistic
massless particle, and is effectively constrained only by the
low-redshift data. At the same time, we find the 5σ limits
to be equivalent to those set in BK14 and our inferences
overall agree. We also recover their inference, that for very
small fractions of the relativistic massless particle the con-
tours are essentially vertical, unable to distinguish between
shorter life-times. Owing to their tighter 3σ limits they were
able to provide 95% C.L. constraints on lifetime τ > 10 Gyr
for 1% relativistic daughter fraction, which we are unable
to place in the current analysis and this might also be due
to a difference in defining the 3σ C.L . Note that this limit
in BK14, is placed with a fixed H0 = 67.15 km/s Mpc
−1
and as shown in this work by comparing the marginalised
confidence regions and profile likelihoods, the final inference
can be affected by fixing the background parameters. Ten-
tatively their 95% C.L. limits for maximum allowed fraction
of relativistic daughter particle () would be more stringent
than τ & 103 Gyr (see Fig. 4-5 therein). Following similar
procedure, we obtain 95% C.L. limits of τ & 59 Gyr, from
SN+SL+BAO data combination for maximum allowed ,
for a fixed best-fit value of H0 = 69.64 km/s Mpc
−1. This
estimate is equivalent for both two-body and many-body de-
cay scenarios and is also in good agreement with the earlier
mentioned limit of τ > 28 Gyr in Aubourg, E´. et al. (2015),
also where H0 = 68 km/s Mpc
−1 is fixed. While our esti-
mate here is clearly an improvement, being more stringent,
we however choose to report our final inference from the
marginalised confidence regions discussed earlier, which is
seemingly less stringent, but more accurate.
It is very well expected that in the current scenario,
marginalised confidence regions can be less stringent than
the profile likelihoods with fixed parameters. And interest-
ingly, we find that the larger values of H∗0 (lower values of
Ω∗DM) in the MCMC sampling are mostly aligned along the
bounds (contours) in the log10(τ/Gyr) vs.log10() parame-
ter space, which allows for the extended confidence regions.
As aforementioned, this behaviour is more evident when the
BAO data is included as can be seen in the Figure 2, with
a higher best-fit H∗0 value and larger fractions of relativistic
daughter particle reaching ∼ 14% at 95% C.L., in compari-
son to the ∼ 8% using SN+SL data alone. This points to de-
caying dark matter scenario with lower values of early-time
dark matter density quickly decaying with slightly larger
9 We compute the profile likelihoods (Trotta 2017) presented in
Figure 3 by estimating the 1σ through 5σ confidence regions de-
fined for 2-dimensional ∆χ2 = {2.30, 6.18, 11.83, 19.33, 28.74}
cuts of the likelihood, w.r.t the corresponding χ2b.f .
fractions of relativistic massless daughter particle, in com-
parison to the SN+SL data alone. As can be seen by con-
trasting the Top and Bottom rows of Figure 3, the profile
likelihoods when including the BAO data show larger vari-
ation from the MCMC based confidence regions10. As can
be seen from both the profile likelihood and marginalised
confidence regions, with the SN+SL dataset the best-fit of
both the Two-body and Many-body scenarios is pushed to-
wards large life-times and very low fraction of the relativis-
tic daughter particle (i.e, upper-left region of the figures),
reaching the limits of assumed priors in the analysis. This
makes the ΛDDM model equivalent to the ΛCDM model
and accordingly no improvement is found even in the χ2b.f
comparison.
For the profile likelihoods obtained including the BAO
data, the excluded region is reduced, in accordance with
the inference also made from the marginalised confidence
regions in Figure 2. This is solely due to the shift in the best-
fit between the SN+SL and SN+SL+BAO data, and might
appear at face-value that the constraints have become less
stringent. In contrast to the SN+SL dataset, now the best-fit
of the analyses prefer lower life-time and larger fractions of
relativistic daughter particle (∼ 10−15%). Clearly implying
the effect of BAO data in combination with SL data to ac-
commodate larger values of H0, which is able to distinguish
the decay dark matter from standard ΛCDM. However, the
two-body decay scenario with the best-fit values of decay pa-
rameters {log10(), log10(τ/Gyr)} = {−1.3,−2.9} is statisti-
cally indistinguishable w.r.t ΛCDM having a ∆χ2b.f = −1.3,
and would be at a disadvantage with any information crite-
ria, when accounting for the two additional parameters. Note
that the best-fit model here does not correspond to the best-
fit of ΛCDM model and hence the ∆χ2 levels should not to
be immediately contrasted with ΛCDM expectations. At the
face value, the inclusion of BAO data also indicates an up-
per limit on the life-times of the parent decay particle, which
is however only a consequence of setting the ∆χ2 cuts and
one should refer only to the marginalised confidence regions,
which do not show such upper limits.
3.1 Comment on H0
Note that the Ω∗DM constraints reported in Table 1 corre-
spond to the early-time ΛCDM and should not to be mis-
taken for the final decayed dark matter density at late-times.
Essentially, pointing out that in the ΛDDM framework the
early time matter density should in itself reduces to give rise
to higher values of late-time H0, which is in fact the stan-
dard correlation also in the ΛCDM scenario. Further aided
by the decay of the dark matter density the ΛDDM will
yield lower values of H0 than in the standard ΛCDM model.
The extrapolated H0 in the decaying dark matter scenarios
is very much similar to the H∗0 reported in Table 1, with
mildly larger lower error.
We now comment on the phenomenological aspects re-
covered in the MCMC analysis of the current decaying dark
matter model proposed to resolve the H0-tension. The au-
thors of V19, propose that a ΛCDM like early universe with
10 This is the expected behaviour of extremely non-Gaussian like-
lihoods, for example, as was described in Strege et al. (2014).
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Figure 4. Here we show a 100 randomly chosen expansion histo-
ries from a larger MCMC sample of two-body ΛDDM background
histories normalised to the corresponding early-time ΛCDM
model, from which the late-time decaying behaviour deviates. In
blue we show 50 curves for SN+SL+BAO dataset and in red
we show the SN+SL data combination. The dashed curve corre-
sponds to the best-fit model in each case reported in Table 1. For
the SN+SL data the best-fit coincides with ΛCDM model.
a late-time decay of the dark matter particle, for a certain
combination of decay parameters can raise the H0 value in
comparison to the ΛCDM expectation, potentially alleviat-
ing the H0-tension. While the proposal was explicitly made
with emphasis on the warm behaviour of the massive daugh-
ter particle in two-body decay scenario, we find that the
same can be inferred also for the many-body decay when
including the BAO data. However, we find that the decay-
ing dark matter model, within the given parameter space
mostly remains equivalent to ΛCDM and does not increase
the value of the extrapolated H0 in construction, through
the modifications of late-time dynamics.
In Figure 4, we show through a few samples randomly
drawn from the MCMC analysis with SN+SL (red) and
SN+SL+BAO (blue) of two-body decay scenario, that the
recovered H0 in the ΛDDM model will remain lower than
the corresponding early ΛCDM model. For the data combi-
nation of SN+SL we indeed find that the posteriors remain
almost equivalent to the standard ΛCDM model11, including
the best-fit model, with mild increase in dispersion towards
the lower values of H0. The best-fit ΛDDM model with the
inclusion of BAOs indeed has a higher-value of H∗0 in com-
parison to the ΛCDM value, however it also results in a lower
value of H0. While the ΛDDM model tends to grow faster
in rate than the corresponding ΛCDM model fixed at early
times, given that a fraction of the early cold dark matter
density has decayed in the form of relativistic daughter par-
ticle at late times, the overall expansion rate remains lower
than the ΛCDM expectation. We find that this mildly higher
value of H∗0 at a∗ when reconstructed to the a = 1 reduces
to H0 = 69.3 km/s Mpc
−1, which is high compared to the
11 We also validate that the numerical error accumulated due
to the iterative solving is only of the order of ∼ 0.05% in the
extrapolated H0, which is clearly negligible in comparison to the
statistical dispersion.
best-fit value of ΛCDM but within its 1σ uncertainty distri-
bution, wherein one can immediately infer that the current
decaying dark matter scenarios do not perform any better to
alleviate the H0-tension. While our analysis is mostly con-
sistent with the earlier analysis in Refs. BK14; V19, in con-
trast, we find the inferences for lifting the H0-tension to be
less feasible. One might in-turn suspect that an extension of
dark energy equation of state w 6= −1 to the decaying dark
matter might tend to decrease higher values (w.r.t ΛCDM)
of H0 by producing an even higher value of H
∗
0 at recombi-
nation. However, this would also imply that the initial dark
matter density has to be very low when breaking the degen-
eracy between Ω∗DM and H
∗
0 , bringing the final constraints
close to the wCDM model with no additional effect of the
decaying dark matter. We verify this by performing a simple
MCMC analysis with w as a free parameter, in addition to
the decay parameters.
On the other hand, we find that the ΛDDM model could
potentially explain the not yet significant but interesting
trend of decreasing H0 against increasing lens redshift (zd)
observed in the Strong lenses dataset (Wong et al. 2019; Bir-
rer et al. 2019). This trend in H0 has been observed while
marginalising on the matter density, also within extended
models with dark energy equation of state (w 6= −1) and
curvature (Ωk 6= 0). As is very well known the individual
strong lensing systems are unable to constrain the matter
density, which is also uncorrelated with the H0, implying
that the trend could not be explained in the standard sce-
nario, if it becomes statistically significant. Recently, in Kr-
ishnan et al. (2020) a similar trend was reported with binned
BAO and SN dataset, which however cannot be immediately
contrasted with trend in SL dataset, as the SL system takes
into account both the lens and source redshifts. We suspect
that the trend in the binned data could only be a manifes-
tation of breaking the degeneracy between H0 and Ωm (see
Table III of Krishnan et al. (2020)) at different redshifts. As
it is very well known, at least two data points at two dis-
tinct redshifts are required to effectively constrain the slope
of expansion history and hence dark energy density. Also,
one can easily verify that data (e.g., SN compilation) at
redshifts lower than the deceleration-acceleration transition
will yield higher dark energy density, in comparison to data
at higher redshifts.
To assess this redshift dependent trend within the
ΛDDM model, we first perform the joint analysis of all six
lensing systems, imposing the early universe priors, finding
no constrains on the decay parameters. The best-fit however
shows similar behaviour as with the inclusion of BAO data,
with {H∗0 ,Ω∗DM} = {77.3 km/s Mpc−1, 0.2} and the decay
parameters {log10(τ/Gyr), log10()} = {−0.03,−4.86}. We
then fix the decay parameters to their best-fit values from
the joint analysis and sample on rest of the parameters in
the MCMC analysis. In Figure 5, we show the comparison
of the individual H0 estimates from standard analysis, as in
Wong et al. (2016) (solid) and the ΛDDM scenario (dashed),
with the fixed decay parameters. As suspected, we find in
the ΛDDM scenario that the larger values of the H0 at low-
redshift are reduced and the lower values at high-redshift
mildly increased. This brings all the individual estimates
closer to the mean value form the joint analysis and re-
duces the variation in redshift. Note that best-fit lifetime
that we have fixed is one particular decay scenario at early-
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Figure 5. Comparison of constrains on H0 from individual
H0LiCOW lenses. The dashed error bars show our ΛDDM con-
strains with fixed decay parameters and the solid error bars are
taken from the standard analysis in Wong et al. (2019). The
dashed H0 estimates in the ΛDDM scenario indicated reduced
trend.
time decay and with a larger relativistic fraction. If the cur-
rent trend should become more significant with future data
such as the Large Synoptic Survey Telescope (LSST) (Ivezic
et al. 2019), the decaying dark matter scenario can provide
a suitable explanation to alleviate the trend and in turn the
SL dataset will be able to place constraints on the decay
characteristics. As this trend is not yet very significant we
leave the analysis here as an illustration of the effect, with-
out marginalising on the decay parameters for each of the
SL data.
4 CONCLUSIONS
We present new constraints on the decaying dark matter
model developed in BK14, allowing for a possibly warm mas-
sive daughter particle performing MCMC analysis. We up-
date the bounds on the life-time of the decay particle to be
τ > 9 Gyr and τ > 11 Gyr, for the two-body and many-
body decay scenarios at 95% C.L., for maximum allowed
relativistic massless fraction in each of the cases. Our limits
are mildly less stringent than the limits earlier reported in
BK14 and we are unable to place limits on life-time for a
1% relativistic fraction as were presented in these previous
works. Our inference of τ > 59 Gyr at 95% C.L., for a fixed
H0 is an improvement and is in very good agreement with
the earlier bounds placed in Aubourg, E´. et al. (2015), appro-
priately comparing within the larger parameter space avail-
able in our analysis. By comparing our primary marginalised
confidence regions with profile likelihoods, we highlight the
importance of not fixing the background parameters when
obtaining the limits on the decay life-time.
Alongside updating the bounds, we assessed the feasi-
bility of the late-time decaying dark matter model proposed
as a possible late-time resolution for the H0-tension. While
we validate the claim of V19, we also find that the decay-
ing dark matter resolution in effect might not be feasible to
resolve the H0-tension, owing to the very mild increase in
comparison to the ΛCDM model. We find that the current
decaying dark matter scenario is able to alleviate the mild
trend (Wong et al. 2019) observed for the decreasing H0
estimates with increasing lens redshift in the strong lenses
dataset. While this trend is not yet statistical significant, the
ΛDDM model would be an appropriate alternative if the fu-
ture strong lensing datasets (LSST Ivezic et al. (2019)), were
to strengthen the trend.
The decaying dark matter model provides interesting
scenarios and such a late-time variation of the physics from
the standard ΛCDM model must be further investigated,
also in light of upcoming low-redshift experiments like Eu-
clid (Amendola et al. 2018), DESI (Levi et al. 2013) etc.,
which can potentially constrain extensions of the standard
scenario to unprecedented accuracy.
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